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(57) Abstract 

A reactor apparatus (10) adapted For continuously producing 
molten, solar grade purity elemental silicon by thermal reaction of a 
suitable precursor gas, such as silane (SiH 4 ). The reactor apparatus 
(10) includes an elongated reactor body (32) having graphite or car- 
bon walls which are beared to a temperature exceeding them el ting 
temperature of silicon. The precursor gas enters the reactor body (32) 
through an efficiently cooled inlet rube assembly (22) and a relatively 
thin carbon or graphite septum (44). The septum (44), being in con- 
tact on one side with the cooled inlet (22) and the heated interior of 
the reactor (32) on the other side, provides a sharp temperature gra- 
dient for the precursor gas entering the reactor (32) and renders the 
operation of the inlet tube assembly (22) substantially free of clog- 
ging. The precursor gas flows in the reactor (32) in a substantially 
smooth, substantially axial manner. Liquid silicon formed in the in- 
itial stages of the thermal reaction reacts with the graphite or carbon 
wails to provide a silicon carbide coating on the walls. The silicon 
carbide coated reactor is highly adapted for prolonged use for pro- 
duction of highly pure solar grade silicon. Liquid silicon (20) pro- 
duced in the reactor apparatus (10) may be used directly in a Czoch- 
ralski or other crystal shaping equipment. 
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DESCRIPTION 
APPARATUS AND PROCESS FOR 
MAKING SOLAR GRADE SILICON 

BACKGROUND OF THE INVENTION 
5 1« Field of the Invention 

The present invention is directed to a process 
and apparatus for making solar and semiconductor grade 
silicon by thermal reaction of a suitable precursor gas 
composition. More particularly, the present invention 
10 is directed to a process and apparatus for continuous 
production of solar and semiconductor grade silicon in 
the liquid phase, by thermal decomposition of a suitable 
precursor gas, such as silane. 

15 2. Brief Description of the Prior Art 

As is well known, highly pure elemental sili- 
con properly doped with minute quantities of suitable 
doping agents, is the most widely used semiconductor and 
solar cell material. In view of the recent trend of 

20 increasing reliance on solar energy, there exists a 
significant demand for solar cell grade silicon at a 
reasonable cost. In fact, the present unavailability of 
solar cell grade silicon at a reasonable cost represents 
the principal factor which presently still renders solar 

25 cells too expensive for large-scale electrical power 
generation. 

Solar cell or semiconductor grade (hereinafter 
solar grade} silicon is usually manufactured in a two- 
step chemical process. First, solid silicon compounds 
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abundantly available from the Earth's crust (such as 
S102) are converted into gaseous or low boiling liquid 
silicon compounds such as silicon tetrachloride (SiCl4), 
trichlorosilane (SiHCl 3 ) and silane (SiH*). The gaseous 
5 or liquid silicon compounds are then relatively readily 
purified by fractional distillation or like processes. 

In the next step of preparing elemental sili- 
con of solar grade purity , the purified silicon compound 
is reacted in gaseous phase to yield elemental silicon, 
10 and usually a gaseous by-product. For example, silane 
gas is thermally decomposed in accordance with 
Equation I to yield silicon and hydrogen gas. 

SiH4 neat ' Si + 2H2 Equation I 

15 

The above-summarized processes have, hitherto, 
been performed in the prior art to yield solid elemental 
silicon. Often, the processes yield very low overall- 
density agglomerated particles of silicon which are hard 

20 to handle in an efficient and continuous manner* Other 
examples of problems associated with the gas- to-solid 
thermal reaction processes are: undesirable deposition 
of a hard silicon crust on the reactor walls, and 
frequent interruption of the process due to the above- 

25 noted and other problems. For example, in accordance 
with the most widely used prior art "Moisson" process 
for chemical preparation of solar grade silicon, elemen- 
tal silicon is grown epitaxially on the surface of rods 
disposed in a reactor wherein trichlorosilane (SiHCl3> 

30 and hydrogen (H2) gases are reacted. However, even this 
process must be interrupted from time to time in order 
to remove the solid silicon deposited on the rods, and 
to clean the reactor. 
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Another significant disadvantage of the prior 



art chemical processes for the preparation of solid sili- 
con is that the resulting product is usually not suffi- 
ciently large grain crystalline to be directly suitable 
5 for semiconductor or solar cell applications. There- 
fore, the solid silicon produced by the prior art proc- 
esses must be melted in a separate step and converted in 
a Czochralski or like crystal pulling apparatus into 
large grain crystalline (ideally monocrystalline) 
10 ingots, ribbons and the like* Thus, as is well appre- 
ciated by those skilled in the art, the overall prior 
art processes for preparing silicon solar cells require 
an undesirably high input of energy. 



15 noted problems, a few attempts were made in the prior 
art to obtain molten, rather than solid, silicon in the 
thermal reaction process. For example, Japanese patent 
application laid open for public inspection on Decem- 
ber 2, 1977, Serial No. 52-144959, describes a process 

20 wherein a bath of molten silicon (obtained from 

previously-prepared solid silicon of high purity) is 
maintained in a reaction vessel wherein trichlorosilane 
(SiHCl3) or silicon tetrachloride (SiCl4) and hydrogen 
gas (H2) are reacted. The silicon tetrachloride (SiCl4) 

25 or trichlorosilane (SiHCl3> is heated to 300° - 500°C, 
and the hydrogen gas (Hj) is heated to 1200° - 1600 P C 
prior to introduction into the reaction vessel. The 
temperature is maintained in the gas containing part of 
the reaction vessel between 1050° to 1150 °C so that 

30 solid elemental silicon is formed in the vessel by the 
reaction of the gases. The solid silicon, however, 
falls into the bath of molten silicon where it melts. A 
readily apparent disadvantage of the just-described 



In order to overcome or alleviate the above- 
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process is that it is not suitable for production of 
silicon from silane (SiH4> r because silane would already 
start significant thermal decomposition while being pre- 
heated prior to introduction into the reaction vessel. 
5 Furthermore , the reactants used in the process provide 
elemental silicon only in a relatively low yield. Still 
further, the process is batchwise, rather than contin- 
uous, in the sense that the gaseous reactants must be 
allowed to dwell in the reactor for a relatively long 

10 time to reach equilibrium. Perhaps for these and other 
reasons, according to the best knowledge of the present 
inventor, this prior art process has not gained even 
moderate industrial acceptance. 

United States Patent Application Serial 

15 No. 126,06 3 filed on February 29, 1980, represents an 
attempt for production of molten silicon in a contin- 
uously operating reactor by thermal reaction of a suit- 
able silicon containing precursor gas. In accordance 
with this disclosure, a precursor gas, such as silane, 

20 flows in an outer, forward ly moving vortex in a spiral 
flow reactor. A by-product gas, such as hydrogen, moves 
in an inner, rearwardly moving vortex. The walls of the 
reactor are maintained at a temperature above the melt- 
ing point of silicon. Molten silicon flows downwardly 

25 on the walls of the reactor to collect in a pool where- 
from it is removed. A cooled injector tube having an 
internal diameter of about 0.06 inches is utilized to 
introduce the precursor gas tangentially relative to the 
interior cylindrical surface of the reactor. A vortex 

30 finder tube is disposed substantially in the center on 
the top of the reactor to remove the rearwardly moving 
vortex of the by-product gas. 
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The reactor described in the above-noted 
patent application , although designed to operate contin- 
uously for the production of molten silicon, is far from 
, free of problems. More specif ically, the injector tube 

5 is subject to frequent clogging due to formation of a 
solid silicon plug therein, and the emitted by-product 
gas contains a relatively large quantity of finely 
dispersed solid silicon particles. 

Additional disclosures relating to the prepara- 
10 tion of solar grade silicon are found in the following 
printed publications: Low-Cost Solar Array Project 
5101-87, "Silicon Formation by Pyrolysis of Silane," 
Interim Report of the Continuous Flow Pyrolyzer Study, 
by H* Levin, Jet Propulsion Laboratory, California Insti- 
ls tute of Technology, October 1978, and "Compatibility 

Studies of Various Refractory Materials in Contact with 
Molten Silicon," by O'Donnel et al., Jet Propulsion 
Laboratory, California Institute of Technology, March 
1978 (JPL Publication 78-18). 
20 In light of the foregoing, there still is a 

serious want in the prior art for a continuously oper- 
able efficient process and apparatus for chemically pre- 
paring molten silicon from a gaseous starting material. 
The present invention provides such a process and 
25 apparatus. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to 
provide an apparatus and process for the efficient con- 
30 tinuous production of molten silicon from a suitable 
silicon containing precursor gas. 

It is another object of the present invention 
to provide an apparatus for the continuous production of 
molten silicon which readily withstands prolonged expo- 
35 sure to molten silicon. 
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These and other objects and advantages are 
attained by a reactor apparatus wherein substantially 
smooth flow of a suitable silicon containing precursor 
gas is maintained in a substantially axial direction in 
5 an elongated reactor heated to a temperature above the 
melting temperature of elemental silicon. Thermal 
reaction of the precursor gas directly yields molten 
silicon which flows down on the walls of the reactor to 
be removed from a bottom thereof in the liquid state. 

10 In accordance with one aspect of the present 

invention, an inlet tube of the reactor which injects 
the precursor gas into the reactor is efficiently cooled 
to prevent thermal formation of silicon prior to entry 
of the precursor gas into the reactor. One side of a 

15 relatively thin septum attached to the inlet tube is 
substantially in the same temperature range as the inlet 
tube, while the other side of the septum is exposed to 
the interior of the reactor and is substantially in the 
same temperature range as the reactor. As a result, the 

20 precursor gas entering the reactor is subjected to a 
very quick transition in temperature with substantially 
total avoidance of clogging the inlet tube by formation 
of a solid silicon plug. 

In accordance with another aspect of the 

25 present invention, the walls of the reactor are made of 
graphite or carbon material which have been discovered 
to be quickly coated during the initial exposure of the 
reactor to liquid silicon with a highly resistant sili- 
con carbide layer. 

30 The features of the present invention can be 

best understood, together with further objects and 
advantages, by reference to the following description, 
taken in connection with the drawings, wherein like 
numerals indicate like parts. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic cross-sectional view 
showing the reactor apparatus of the present invention 
enclosed in an outer cylinder; 
5 Figure 2 is a schematic cross-sectional view 

showing the reactor apparatus of the present invention; 

Figure 3 is a schematic perspective view 
showing a precursor gas inlet tube assembly incorporated 
in the reactor apparatus of the present invention, and 
10 Figure 4 is a cross-sectional view showing the 

precursor gas inlet tube assembly incorporated in the 
reactor apparatus of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

15 The following specification taken in conjunc- 

tion with the drawings sets forth the preferred embodi- 
ment of the present invention in such a manner that any 
person skilled in the chemical arts can use the inven- 
tion. The embodiment of the invention disclosed herein 

20 is the best mode contemplated by the inventor for carry- 
ing out his invention in a commercial environment, 
although it should be understood that various modifica- 
tions can be accomplished within the parameters of the 
present invention. 

25 Referring now to the drawing Figures and 

particularly to the schematic cross-sectional views of 
Figures 1 and 2, the reactor apparatus 10 of the present 
invention is disclosed. The reactor apparatus 10 of the 
present invention is adapted for producing high purity 

30 molten silicon in a continuous process by thermal reac- 
tion of a suitable silicon containing precursor gas 
composition. Several known chemical reactions may be 
utilized in the novel process practiced in the reactor 
apparatus 10. For example, silicon may be produced in 
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the apparatus 10 by reduction of tetrachlorosilane 
(SiCl4> or trlchlorosilane (SIHCI3) with hydrogen (H2) 
in accordance with Equations II and III respectively. 

5 SiCl 4 + 2H 2 —Si + 4HC1 

Equation II 



S1HC13 + H 2 -Si + 3HC1 

10 Equation III 

However , the apparatus 10 and process of the 
present invention is designed most advantageously for 
continuous production of silicon by thermal decomposi- 

15 tion of si lane gas into silicon and hydrogen gas in 
accordance with Equation I (set forth in the introduc- 
tory section of the present application for patent). 
Therefore, the following exemplary description princi- 
pally describes the utilization of the thermal decoro- 

20 position reaction of silane in the novel apparatus and 
process of the present invention. Furthermore, herein- 
after the term "precursor gas" is interchangeably used 
with the term "silane, " and the term "by-product gas" is 
interchangeably used with the term "hydrogen.* Neverthe- 

25 less, it should be kept in mind that in the event the 
process of the present invention utilizes alternative 
chemical reactions (such as the reactions of Equa- 
tions II or III), the precursor gas may be other than 
silane, and the by-product gas or gases may be other 

30 than hydrogen* 

Referring now principally to Figure 1, the 
reactor apparatus 10 of the present invention is shown 
mounted in a suitable outer cylinder 12. The principal 
purpose of the outer cylinder 12 is to c ntain the 
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reactor apparatus 10 in an inert gas atmosphere while 
the reactor apparatus 10 is heated to high temperatures. 
The outer cylinder 12 may be constructed substantially 
in accordance with the state-of-the-art. The outer 
5 cylinder 12, of course, also provides thermal insulation 
for the reactor apparatus 10, and for that purpose 
walls 14 made of stainless steel encasing suitable 
insulating materials (not shown) which surround the 
reactor apparatus 10. Inlet and outlet tubes for the 
10 inert gas, which is preferably argon, are schematically 
shown on Figure 1 and bear the reference numerals 16 and 
18, respectively. 

The protective outer cylinder 12 also has 
suitable inlet ports for ducts carrying the precursor 
15 gas, the by-product gas, and the reaction product, 

molten silicon 20. On the schematic view of Pigure 1, 
the inlet duct assembly for the precursor gas silane 
bears the reference numeral 22, the outlet duct for the 
by-product hydrogen the reference numeral 24, and the 
20 outlet duct for molten silicon the reference numeral 26. 
Finally, the outer cylinder 12 is provided with suitable 
entry ports for copper or like conduits 28. which conduct 
current for energizing graphite, "picket fence" type 
resistance heaters 30 surrounding the inner reactor 
25 apparatus 10. The resistance heaters 30 and the inner 
reactor apparatus 10 are separated from one another by a 
high temperature resistant electrical insulator 31. 

Referring now principally to the schematic 
cross-sectional view of Figure 2, the inner reactor 
30 apparatus 10 is disclosed in detail. The reactor 

apparatus is an elongated hollow body; preferably, as is 
shown in the herein-described preferred embodiment, it 
is a hollow cylindrical body the length of which greatly 
exceeds its diameter. In a specific example of the 
35 reactor apparatus 10 of the present inv ntion the 
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or carbon reactor material, which during the process of 
the invention "self-converts' into the highly durable 
and liquid-silicon resistant silicon carbide. The 
initial stage of converting the carbon walls of the 
5 reactor 32 into silicon carbide is termed "priming" of 
the reactor. 

Heating of the reactor body 3 2 is accomplished 
by the -picket fence" type resistant heaters 30 which 
surround the reactor body 32, In alternative embodi- 

10 ments of the reactor apparatus 10 of the present inven- 
tion, other methods of heating may be utilized. The 
only critical feature of the invention regarding heating 
is that the interior of the reactor 32 and the interior 
walls are maintained above the melting temperature of 

15 silicon {1412*C) during the process of silicon produc- 
tion. Preferably, the interior of the reactor 32 is 
maintained above 1500°C, and most preferably it is 
maintained approximately between 1600° to 1B00°C. At 
the operating temperatures of the reactor apparatus 10 

20 (i«e«* above 1412 P C), the thermal decomposition of 
silane gas into silicon and hydrogen is relatively 
rapid. Furthermore, at this temperature the thermo- 
dynamic equilibrium favors formation of elemental sili- 
con with substantially one hundred percent (100%) yield. 

25 Actually, the above-noted upper limit of 

approximately 1800°C is not a iimit of the process of 
the present invention, because the process may be prac- 
ticed at still higher temperatures. Rather, approxi- 
mately 1800°C is the upper limit of temperature that the 

30 materials of the reactor apparatus 10 of the present 
invention can withstand without damage. 

With regard to the above-noted temperature 
ranges of the process of the present invention, it is 
further noted that conversion of the carbon or graphite 

35 walls of the reactor 32 to silicon carbide occurs below 
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1300 9 C too slowly to have any practical effect on 
priming the reactor 32. Therefore r in the prior art 
reactors operating at temperatures below 1300°C the very 
advantageous "priming'' of the reactor does not "occur to 
5 a significant extent. 

Experience proved the reactor apparatus 10 of 
the present invention to be capable of withstanding 
repeated temperature cycling between ambient temperature 
(nonoperational time of the reactor) and 1400-1800°C 
10 (operation). 

The silicon formed in the reactor 32 is in the 
molten phase, and flows down the silicon carbide inter- 
ior walls of the reactor 32 to collect in the bottom 
thereof. Pure, solar grade molten silicon is drained 

15 . from the bottom of the reactor 32 and is advantageously 
utilized, without being allowed to solidify, in a 
Czochralsfci or other crystal shaping equipment (not 
shown) to provide silicon ingots or ribbons (not shown). 

Preferably, the reactor apparatus 10 is dis- 

20 posed in a substantially upright position, as is shown 
on Figures 1 and 2, so that flow of the molten sili- 
con 20 on the reactor walls is gravity induced. 

Referring now principally to Figures 3 and 4, 
the silane gas inlet duct or tube assembly 22 is dis- 

25 closed in detail. The inlet tube assembly 22 is partic- 
ularly adapted and highly suited for supplying silane 
gas into the reactor 32 in a continuous and substan- 
tially nonclogging manner. As is shown on Figure 2, the 
inlet tube assembly 22 is disposed substantially in the 

30 center of a top wall 34 of the reactor 32 in such a 
manner that the inlet tube assembly 22 is located 
outside of the heated interior space of the reactor 32. 

The inlet tube assembly 22 comprises an 
elongated inlet tube 36 which is connected to a supply 

35 of silane gas. The inlet tube 36 is surrounded by a 
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jacket 38 wherethrough a cooling medium, such as water, 
is circulated. The end of the inlet tube 36 and the end 
of the jacket 38 together form a substantially flat 
substantially ring-shaped surface 40. 
5 The ring-shaped surface 40 of the inlet tube 

assembly 22 is not directly exposed to the interior of 
the reactor 32. Rather, it is in contact with one 
side 42 of a carbon or graphite septum 44. The 
septum 44 comprises a relatively thin ring-shaped body 
10 which substantially conforms to the shape of the end of 
the inlet tube assembly 22. A second side 46 of the 
septum 44 is substantially flush with the interior 
surface of the top wall 34 of the reactor 32, as is 
shown on Figure 2. 
15 The septum 44 insulates the inlet tube 36 from 

the high temperature of the reactor 32 and causes the 
silane gas which enters the reactor 32 to experience a 
very sharp temperature gradient. This is because one 
side 42 of the septum 44 is in contact with the effi- 
20 ciently cooled surface 40 of the inlet tube 36 and. 

jacket 3d, and is substantially in the same temperature 
range as the inlet tube 36. The other side 4 6 of the 
septum 44 is exposed to the heated interior of the reac- 
tor 32, and, being of a dark high emissivity material 
25 (porous carbon), is substantially in the same tempera- 
ture range as the interior of the reactor 32. 

During the process of the present invention, 
silane gas is continuously fed through the inlet tube 
assembly 22 into the reactor 32. The inlet tube assem- 
30 bly 22 is vigorously cooled by water circulated through 
the cooling jacket 38. in accordance with one important 
aspect of the present invention, the temperature of the 
silane gas introduced into the reactor 32 through the 
inlet tube 36 is kept at a temperature below 350°C. 
35 This is for the purpose of avoiding any significant 
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thennal decomposition of the silane gas, prematurely, 
before entry of the silane gas Into the reactor 32, In 
order to facilitate efficient cooling of the inlet tube 
assembly 22, the inlet tube 36 and the jacket 38 are 
5 made of a material of high thermal conductivity, such as 
copper. 



graphite is highly effective to avoid thermal precipita- 
tion of fine solid silicon particles on the inlet 

10 surfaces and ensuing clogging of the inlet tube and the 
narrow septum 44 itself. Experience has shown that 
during the "priming" stage of the operation of the 
reactor apparatus 10, the septum 44 too reacts with the 
newly-formed liquid silicon to form silicon carbide* 

15 The inlet tube assembly 22 of the reactor 

apparatus of the present invention operates without 
clogging. In contrast with the prior art inlet assembly 
disclosed in the above-noted U.S. patent application 
serial number 126,063, the internal diameter of the 

20 inlet tube 36 may be quite substantial. In the herein- 
described specific example wherein the length of the 
reactor is 157 cm, the internal diameter of the inlet 
tube 36 is approximately 1 cm, and the diameter of the 
septum 44 is approximately 2.2 cm* 

25 Dwelling time of the silane gas in the heated 

reactor 32 is selected in such a manner that the silane- 
to-liquid silicon reaction proceeds to substantially 
reach thermodynamic equilibrium which favors complete 
decomposition. During the process, the silane gas and 

30 the by-product hydrogen gas flow in a substantially 
smooth, substantially unperturbed flow substantially 
axially in the reactor 32. The lower, reservoir portion * 
of the reactor 32, containing molten silicon 20, is Xept 
at a temperature exceeding the melting temperature of 

35 silic n. The molten silic n may be continuously drained 



The relatively thin septum 44 of carbon or 
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out of the reactor apparatus 10 through the outlet duct 
assembly 26 which may be constructed in accordance with 
state of the art. The by-product hydrogen gas leaves 
the reactor 32 through the hydrogen outlet duct assem- 
5 bly 24 which is located on a side wall 14 of the reac- 
tor 32 above the level of molten silicon 20. 

Principal advantages of the above-described 
reactor apparatus and process of the present invention 
include the following. The reactor 32 is readily manu- 

10 factured of relatively inexpensive pure carbon or 

graphite material, and yet readily "primes" or converts 
itself to eventually expose only non-contaminating 
silicon carbide for contact with the highly pure, solar 
grade silicon. The reactor is capable of continuous, 

15 trouble-free operation, is not subject to clogging due 
to buildup of solid silicon material, and does not 
require continuous scraping or clearing operation to 
keep the walls free of deposited hard crust of silicon. 

The above-described specific embodiment of the 

20 reactor apparatus 10 is capable of producing several 
kilograms (up to 15 Kg) of solar grade molten silicon 
per hour. For a still larger scale silicon producing 
plant a still larger embodiment of the reactor appara- 
tus 10 of the present invention may be utilized. Alter- 

25 natively, and preferably several reactors of approxi- 
mately of the above-noted specific dimensions may be 
operated simultaneously. 

Furthermore, the molten silicon chemically 
obtained in the process of the present invention may be 

30 directly fed into a Czochralski or other crystal shaping 
apparatus (not shown), eliminating the need for remelt- 
ing of solid silicon. 



ompi 
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Several modifications of the above-described 
apparatus and process may become readily apparent to 
those skilled in the art in light of the above disclo- 
sure. Therefore, the scope of the present invention 
5 should be interpreted solely from the following claims. 



9 
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WHAT IS CLAIMED IS s 

1. A reactor apparatus for making elemental 
silicon by thermal reaction of a precursor gas such as 
silane, to yield silicon and a by-product gas, such as 
hydrogen, the apparatus comprising: 
5 a reactor having walls defining a 



reactor space; 

heating means for heating the walls 
of the reactor so as to provide an 
internal temperature in the reactor space 
which exceeds the melting temperature of 
silicon; 

precursor gas inlet means operatively 
associated with the reactor for intro- 
ducing the precursor gas into the reactor 
space and for keeping the temperature of 
the precursor gas below thermal decomposi- 
tion temperature of the precursor gas 
until said precursor gas effectively 
enters the heated reactor space; 

by-product gas outlet means for 
outletting the by-product gas from the 
reactor space, and 

molten silicon outlet means opera- 
tively associated with the reactor for 
outletting the produced molten silicon 
from the reactor, the precursor gas inl t 
means and the by-product gas outl t m ans 
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as- 



30 



being disposed relative to one another so 
as to provide a substantially smooth flow 
of the precursor gas in the reactor. 



2. The reactor apparatus of Claim 1 wherein 
the heating means are adapted for maintaining the 
internal temperature approximately between 1500-18Q0«C. 

3. The reactor apparatus of Claim 2 wherein 
the heating means are adapted for maintaining the 
internal temperature approximately between 1600-1800°C. 

4. The reactor apparatus of Claim 1 wherein 
the walls of the reactor comprise carbon or graphite 
material capable of reacting with molten silicon to form 
silicon carbide and to provide at least a coating of 

5 silicon carbide on said walls* 

5. The reactor apparatus of Claim 1 wherein 
the reactor comprises a cylinder. 



the reactor comprises a substantially upright-standing 
elongated hollow body, and wherein the inlet means are 
adapted for introducing the precursor gas substantially 
5 on top of the elongated body to provide a substantially 
axial flow of gas therein. 



the molten silicon outlet means are adapted for per- 
mitting gravity-induced outflow of molten silicon sub- 
stantially from the bottom of the elongated body. 



6. 



The reactor apparatus of Claim 1 wherein 



7. 



The reactor apparatus of Claim 6 wherein 
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8- The reactor apparatus of Claim 7 wherein 
the reactor comprises an elongated cylindrical hollow 
body. 

9. The reactor apparatus of Claim 1 wherein 
the inlet means comprise an efficiently cooled inlet 
tube wherethrough the precursor gas flows, and septum 
means in contact on one side thereof with the cooled 

5 inlet tube and- exposed on another side thereof to the 
heated reactor space, the septum means being adapted for 
being at a temperature above the melting point of 
silicon on the exposed side thereof. 

10. The reactor apparatus of Claim 9 wherein 
the septum means comprise an annular body of carbon or 
graphite. 

11. The reactor apparatus of Claim 9 wherein 
the inlet means comprise a copper tube provided with 
jacket means for circulating a cooling medium in the 
jacket means. 

12. A reactor apparatus for thermal decom- 
position of silane gas directly into molten silicon, the 
apparatus comprising: 

an elongated reactor having walls 
5 made of carbon or graphite material, and 

enclosing a reactor space; 

heating means operatively associated 
with the reactor for maintaining the tem- 
perature in the reactor space above the 
10 melting temperature of silicon; 

silane gas inlet means for introduc- 
ing a gas composition containing at least 
a significant perc ntag of silane gas 
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into the reactor for a substantially 
15 smooth substantially axial flow in said 

reactor, the inlet means also comprising 
cooling means for maintaining the gas 
composition at a temperature below the 
decomposition temperature of silane gas 
20 until the gas composition is effectively 

disposed in the heated reactor space; 

gas outlet means operative ly asso- 
ciated with the reactor and disposed 
remotely from said inlet means for out- 
25 letting any unreacted gas and by-product 

gas from said reactor space while said sub- 
stantially axial gas flow is maintained, 
and 

molten silicon outlet means opera- 
30 v tively associated with reactor for out- 

letting the molten silicon product from 
the reactor. 

13. The reactor apparatus of Claim 12 wherein 
the heating means are adapted for maintaining the tem- 
perature in the reactor space approximately between 1500- 
1800 P C. 

14. The reactor apparatus of Claim 13 wherein 
the heating means are adapted for maintaining the tem- 
perature in the reactor space approximately between 1600- 
1800°C. 

15. The reactor apparatus of Claim 12 wherein 
the reactor comprises a substantially cylindrical hollow 
body. 
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16- The reactor apparatus of Claim 12 wherein 
the reactor is a substantially upright-standing elon- 
gated body, wherein the inlet means are disposed sub- 
stantially in a top portion of said body, and wherein 
5 the molten silicon outlet means are disposed substan- 
tially in the bottom of said body. 

17. The reactor apparatus of Claim 12 wherein 
the inlet means comprise a tube disposed substantially 
outside of the heated reactor space, said tube being 
cooled by the cooling means , the inlet means further 
5 comprising insulating septum means in contact with the 
tube and also exposed to the heated space of the 
reactor, the exposed portion of the septum means being 
substantially above the melting temperature of silicon. 

18. The reactor apparatus of Claim 17 wherein 
the septum means comprise an annular body of carbon or 
graphite having one side in contact with a discharge end 
of the tube and another side exposed to the reactor 

5 space. 

19. A process for directly producing molten 
silicon by thermal reaction of a suitable precursor gas 
composition in a reaction chamber, the process compris- 
ing the steps of: 

5 maintaining an interior of the reac- 

tion chamber in a first temperature range 
which is substantially above the melting 
point of silicon; 

maintaining a substantially smooth 
10 flow of the precursor gas composition in 

the reaction chamber while permitting the 
precursor gas composition to undergo 
thermal r action to yi Id molten silicon; 
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allowing unreacted gas precursor 
15 composition and by-product gas to exit 

from the reaction chamber, and 

allowing molten silicon to exit from 
the reaction chamber. 

20. The process of Claim 19 wherein the first 
temperature range is approximately between 1500-1800°C. 

21.. The process of Claim 20 wherein the first 
temperature range is approximately between 1600-1800°C. 

22. The process of Claim. 19 wherein the 
second temperature range is below 350°C. 

23. The process of Claim 19 wherein the 
precursor gas composition comprises silane. 

24. The process of Claim 19 further compris- 
ing a step of maintaining the gas composition in a 
second temperature range which is below the thermal 
reaction temperature of the precursor gas composition, 

5 and further comprising a step of passing the precursor 
gas composition through a cooled inlet tube wherein said 
second temperature range is maintained prior to intro- 
ducing the precursor gas composition into the heated 
reaction chamber. 

25. The process of Claim 24 wherein the step 
of introducing comprises a step of passing the gas 
composition through a relatively thin septum having at 
one end thereof, adjacent to the cooled inlet tube, a 

5 temperature substantially in the second temperature 
range , and at another end thereof, adjacent to the 
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interior of the reaction chamber, a temperature sub- 
stantially in the first temperature range. 

26 The process of Claim 25 wherein the 
precursor gas composition comprises silane. 

21 The process of Claim 24 wherein the 
septum comprises carbon or graphite material. 

28. The process of Claim 19 wherein the 
substantially smooth flow is a substantially axial down- 
ward flow substantially parallel with the Earth's 
gravitational force field, 

29. A process for directly producing molten 
silicon by thermal decomposition of silane gas in a 
reactor having carbon or graphite walls, the process 
comprising the steps of: 
5 maintaining the interior temperature 

of the reactor approximately between 1500- 
1800°C; 

maintaining a gas composition includ- 
ing at least a significant amount of 
10 silane gas below approximately 350°C. 

abruptly raising the temperature of 
the gas composition from below 350°C to 
above approximately 1500°C by suddenly 
introducing the gas composition into the 
15 interior of the reactor; 

maintaining a substantially smooth 
substantially axial flow of the gas com- 
position in the reactor whereby the silane 
gas thermally decomposes into molten 
20 silicon and hydrogen gas and whereby 
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carbon or graphite walls of the reactor 
gradually react with the molten silicon to 
form silicon carbide; 

allowing the unreacted gas compos i- 
25 tion and by-product hydrogen gas to exit 

from the reactor, and 

allowing the produced molten silicon 
to exit from the reactor in a liquid 
state. 

30. The process of Claim 23 wherein the axial 
flow of the gas composition is a downward flow substan- 
tially parallel with the Earth's gravitational force 
vector. 

31. The process of Claim 30 wherein the step 
of maintaining the gas composition below 350 °C includes 
a step of passing the gas composition through a cooled 
inlet tube leading to the reactor but located outside of 

5 the heated interior of the reactor. 

32. The process of Claim 31 wherein the step 
of abruptly raising the temperature includes a step of 
passing the gas composition through a relatively thin 
septum into the interior of the reactor, one end of said 

5 septum being in contact with the cooled inlet tube and 
substantially in the same temperature range as the inlet 
tube, another end of the septum being adjacent to the 
interior of the reactor and substantially in the same 
temperature range as the interior. 

33. The process of Claim 32 wherein the 
septum comprises carbon or graphite, whereby molten 
silicon reacts with the septum to form silicon carbide. 
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AMENDED CLAIMS 

{received by the International Bureau on 07 November 1983 (07.11.83); 
original claims 1 to 33 replaced by amended claims 1 to 35] 

1. A reactor apparatus for making elemental silicon 
by thermal reaction of a silicon containing precursor gas such 
as silane, to yield silicon and a by-product gas, such as hydro- 
gen t the apparatus comprising: 

a reactor having walls defining a reactor 
space; 

heating means for heating the walls of the 
reactor so as to provide an internal temperature 
in the reactor space which exceeds the melting 
temperature of silicon; 

cooled precursor gas Inlet means located out- 
side said reaction chamber and operatively associ- 
ated with the reactor for introducing the precursor 
gas into the reactor space and for keeping the 
temperature of the precursor gas below thermal de- 
composition temperature of the precursor gas until 
said precursor gas enters the heated reactor space; 

by-product gas outlet means for outletting the 
by-product gas from the reactor space, and 

molten silicon outlet means operatively asso- 
ciated with the reactor for outletting the produced 
molten silicon from the reactor, the precursor gas 
inlet means and the by-product gas outlet means 
being disposed relative to one another so as to 
provide a substantially smooth flow of the precur- 
sor gas in the reactor. 



2. The reactor apparatus of claim 1 wherein the heat- 
ing means are adapted for maintaining the internal temperature 
approximately between 1500-1800*C. 
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3. The enactor apparatus of claim 2 wherein the heat* 
J-ng means act adaptad for maintaining the internal temperature 
approximately between 1600-1800*C. 

4. The reactor apparatus of Claia 1 wherein the valla 

of the reactor comprise carbon or graphite material capable of » 
rapidly reacting with molten silicon to convert to silicon car- 
bide. 

5. The reactor apparatus of data 1 wherein the re- 
actor comprises a cylinder. 

6. The reactor apparatus of Claim 1 wherein the re- 
actor comprises a substantially upright-* tending elongated hol- 
low hody, and wherein the inlet means are adapted for introducing 
the precursor gas substantially on top of the elongated body to 
provide a substantially axial flow of gas therein. 

7. Tbe reactor apparatus of Claim 6* wherein the 
molten silicon outlet means are adapted for permitting gravity- 
incraced outflow of molten silicon substantially from tbe bottom 
of the elongated body. 

8. The reactor apparatus of claim 7 wherein the re- 
actor comprises an elongated cylindrical hollow body. 

9. The reactor apparatus of claia 1 wherein the inlet 
means comprise an efficiently cooled inlet tube wherethrough the 
precursor gas flows, and septum means in contact on one face 
thereof with the cooled inlet tube and exposed on the opposite 
face thereof to the beeted reactor spacer the septum means being 

a 

adapted for being at a temperature above the melting point of 
silicon on the exposed face thereof. 
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10. The reactor apparatus of claim 9 wherein toe septum 
neans coaprise an annular body of carbon or graphite. 

11. The reactor apparatus of Claim 9 wherein the Inlet 
means comprise a copper tube provided with jacket means for circ- 
ulating a cooling medium in the jacket means. 

12. A reactor apparatus for thermal decomposition of 
silane gas directly into molten silicon, the apparatus compris- 
ing: 

an elongated reactor having walla made of car* 
bou or graphite material, and enclosing a reactor 
space; 

heating means operatively associated with the 
reactor for maintaining the temperature in the re- 
actor space above the melting temperature of sili- 
con; 

silane gas inlet means for introducing a gas 
composition containing at least a significant per- 
centage of silane gas into the reactor for a sub- 
stantially smooth substantially axial flow in said 
reactor, the inlet means being located outside the 
reaction chamber and also comprising cooling means 
for maintaining the gas composition at a tempera- 
ture below the decomposition temperature of silane 
gas until the gas composition Is in the heated re- 
actor space; 

gas outlet means operatively associated with 
the reactor and disposed remotely from said inlet 
means for out let ting any unreacted gas and by- 
product gas from said reactor space while said 
substantially axial gas flow is maintained, and 
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molten silicon outlet ntani opera tively asso- 
ciated with enactor for outletting the molten ail- 
icon product from the reactor. 

« 

13. The reactor apparatus of claim 12 wherein the heat- 
iog means are adapted for maintaining the te&perature in the re- t 
actor space approximately between 1500-1S00*C. 



14. fiie reactor apparatus of Clals 13 vberein the heat- 
ing means are adapted for maintaining the temperature in the re- 
actor space approximately between 1600 -1800 *C. 



15. The reaetor apparatus of Claim 12 wherein the re- 
actor comprises a substantially cylindrical hollow body. 

19. The reactor apparatus of claim 12 wbereio the re- 
actor is a substantially upright-standing elongated body/ wherein 
the inlet means are disposed substantially In a top portion of 
aaid body, and wherein the molten silicon outlet means are dis- 
posed substantially in the bottom of said body. 



17. The reactor apparatus of Claim 12 wherein the inlet 
means comprise a tube disposed substantially outside of the 
heated reactor space, said tube being cooled by the cooling 
means, the inlet means further comprising insulating septum seans 
la contact with the tube and also exposed to the heated space of 
the reactor, the expoaed portion of the septum means being sub- 
stantially above the melting temperature of silicon. 



18. The reactor apparatus of claim 17 wherein the sep- 
tum means comprise an annular body of carbon or graphite having 
one face in contact with a discharge end of the tube and the 
opposite face exposed to the reactor space. 



OMPI 



JCJD: <WO, _.,S40Cn6aA1 .!.> 



WO 84/00156 



-29- 



PCT/US83/00944 



19. A process for directly producing molten silicon by 
therraal reaction of a silicon containing precursor gas composi- 
tion in a reaction chamber, the process comprising the steps of: 
maintaining said gas composition in a first 
temperature range below the thermal reaction tem- 
perature of said gas composition? 

maintaining the reaction chamber in a second 
temperature range above the melting point of sili- 
con/ 

abruptly raising the temperature of said gas 
composition from said first temperature range to 
said second temperature range by introducing said 
yea composition through a cooled inlet means lo- 
cated outside said reaction chamber i 

maintaining a substantially smooth axial flow 
of the precursor gas composition in the reaction 
chamber while permitting the precursor gas compo- 
sition to undergo thermal reaction to yield molten 
silicon} 

allowing unreacted precursor gas composition 
and by-product gas to exit from the reaction cham- 
ber, and 

allowing molten silicon to exit from the reac- 
tion chamber. 

20. The process of claim 19 wherein the second temper- 
ature range is approximately 1500-1800*C. 

21. The process of claim 20 wherein the second temper- 
ature range is approximately I600-1800«c. 

22. The process of Claim 19 wherein the first temper- 
ature range is below 350*C. 
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23. The proceas of Claln 19 wherein the precursor gee 
composition conprisea silane. 

24. The process of Clala 19 wherein said cooled inlet 
steans is a tube. 

25. The process of claln 19 wherein abruptly raising 
the temperature of said precursor gas further coaprises passing 
said gas cospos It ion from said cooled inlet means through a thin 
septum having one face adjacent said cooled inlet means and in 
said first temperature range, and the opposite face flush with 
the wall forming said reaction chamber and in said second ten* 
perature range. 



26. The procsss of Claim 25 wherein said septum is made 
of a high amiss ivity material . 

27. The process of Claim 25 wherein the precursor gas 
composition coaprises silane. 



28. The process of Claim 25 wherein the septum com- 
prises carbon or graphite material whereby molten silicon reacts 
with tha septum bo convert to silicon carbide on the opposite 
face thereof. 

29. The process of claim 19 wherein the substantially 
smooth flow is a substantially axial downward flow substantially 
parallel with the Earth's gravitational force fteld. 



30. A process for directly producing molten silicon by 
thermal decomposition of silane gas in a reactor made of carbon 
or graphite walla/ the process comprising the steps of: 
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maintaining the interior temperature of the 
reactor approximately between 1500-1800*C. 

maintaining a gas composition Including at 
least a significant amount of silane gas below 
approximately 350*C.j 

abruptly raising the temperature of the gas 
composition from below 350* C. to above approxi- 
mately 1500°C by suddenly introducing the gas 
composition into the interior of the reactor from 
a cooled inlet means outside the interior of the 
reactor; 

maintaining a substantially smooth substan- 
tially axial flow of the gas composition in the 
reactor whereby the silane gas thermally decomposes 
into hydrogen gas and solid silicon particles that 
quickly become molten whereby the inner carbon or 
graphite walls of the reactor rapidly react with 
the nolten silicon to convert to silicon carbide; 

allowing the unrcacted gas composition and by- 
product hydrogen gas to exit from the reactor; and 

allowing the produced molten silicon to exit 
from the reactor in a liquid state. 



31. The process of Claim 30 wherein the axial flow of 
the gas composition is a downward flow substantially parallel 
with the Earth's gravitational force vector. 

32. The process of Claim 30 wherein said cooled inlet 
means conprises a cooled inlet tube. 



33. The process of Claim 32 wherein the step of abrupt- 
ly raising the temperature includes a step of passing the gas 
composition through a relatively thin septum into the interior 
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o£ the teactot, on« face of said septum being in contact vttb tba 
cooletl inlet tube end substantially in the sane temperature range 
as tbe Inlet tuba, the other face of the septum being flush with 
the interior wall of tbe reactor and substantially in the sane 
teaperature range mm the interior* 

34. The process of claim 33 wherein said septum Is made 
of a high emisaivlty material. 

35. The process of Claim 33 wheeeln the septum com- 
prises carbon or graphite , whereby molten silicon reacts with the 
septum to convert to silicon carbide. 
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FIG. I 
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